Aims/hypothesis Mutations that render ATP-sensitive potassium (K ATP ) channels insensitive to ATP inhibition cause neonatal diabetes mellitus. In mice, these mutations cause insulin secretion to be lost initially and, as the disease progresses, beta cell mass and insulin content also disappear. We investigated whether defects in calcium signalling alone are sufficient to explain short-term and long-term islet dysfunction. Methods We examined the metabolic, electrical and insulin secretion response in islets from mice that become diabetic after induction of ATP-insensitive Kir6.2 expression. To separate direct effects of K ATP overactivity on beta cell function from indirect effects of prolonged hyperglycaemia, normal glycaemia was maintained by protective exogenous islet transplantation. 
Introduction
Following glucose uptake into beta cells, increased intracellular [ATP] : [ADP] leads to inhibition of ATP-sensitive potassium (K ATP ) channels, which leads to insulin secretion via a cascade of membrane depolarisation, Ca 2+ influx and increased intracellular free-calcium activity ([Ca 2+ ] i ) [1] . K ATP channels in the beta cell are made up of inward rectifier K(+) channel Kir6.2 and sulfonylurea receptor 1 subunits. Mutations in KIR6.2 (also known as KCNJ11) or SUR1 (also known as ABCC8) that reduce sensitivity to ATP-inhibition suppress glucose-stimulated insulin secretion (GSIS) [2] . In humans, such 'gain-of-function' mutations are the most common cause of neonatal diabetes mellitus [3] . The human disease was predicted by transgenic mice in which ATP-insensitive K ATP channels were introduced into beta cells, leading to a profound neonatal diabetic phenotype [4] , although neonatal death of these animals precluded detailed analysis of islet function. Mice expressing inducible gain-of-function Kir6.2 subunit mutations under Cre-recombinase control have now been generated [5, 6] . These animals show severe glucose intolerance within ∼2 weeks of mutant-K ATP channel expression and progress to a dramatic diabetic phenotype, with beta cell mass and insulin content both markedly declining with time [5] . Imposing glycaemic control via exogenous islet transplantation prior to transgene-induction avoids systemic diabetes and preserves endogenous islet beta cell mass and insulin content [5] .
To gain further insight into the cellular mechanisms underlying neonatal diabetes mellitus, we examined glucose-dependent metabolic and [Ca 2+ ] i signalling as well as insulin secretion in islets from these animals. As K ATP channels are the main regulator of islet electrical activity, we asked whether defects in Ca 2+ signalling alone are sufficient to explain the altered islet function in neonatal diabetes mellitus. By imposing glycaemic control to protect endogenous islets from systemic diabetes, we examined the direct effects of the ATP-insensitive K ATP channels on islet function and were able to separate these from the additional effects of systemic hyperglycaemia and hypoinsulinaemia on unprotected islets.
This mouse model also allowed us to test a previously proposed model of electrical coupling in the islet [7] ; where less excitable cells suppress activity in more excitable cells via gap-junctions. Previous studies have been limited to the coupling of a loss-of-function (inhibition) in the K ATP channel. Here we tested the role of gap-junction coupling in coordinating K ATP gain-offunction across the islet and determined how this coupling impacts glucose-dependent [Ca 2+ ] i and insulin secretion responses.
Methods
Mouse model of K ATP -induced neonatal diabetes mellitus All experiments were performed in compliance with the relevant laws and institutional guidelines, and were approved by the Washington University Animal Studies Committee. The generation of mice expressing Rosa26-Kir6.2[K185Q,ΔN30] mutant-transgene with green fluorescent protein (GFP) is described in detail elsewhere [5] . These mice were crossed with mice expressing Pdx1 PB -CreER [8] to generate pancreatic beta cell-specific double transgenic (DTG) mice. Littermate wild-type and single transgenic mice which have normal blood glucose levels and insulin secretion were used as controls [5] . At 8 weeks of age, control and DTG mice received five consecutive daily doses of tamoxifen (50 mg/g body weight, experimental days 0-4). DTG protected mice received a transplant of islets removed from wild-type mice. The transplant was placed under the kidney capsule 2 days prior to the initial tamoxifen injection, following described procedures [5, 9] . Blood glucose measurements were taken daily using a glucometer (Elite XL; Bayer, Leverkusen, Germany). Mice were killed at experimental days 24 to 28 for islet isolation.
Islet isolation and dispersal Islets were isolated by collagenase digestion as described in [10, 11] and maintained in islet medium (RPMI medium containing 10% fetal bovine serum (vol./vol.), 11 mmol/l glucose, 100 U/ml penicillin, 100 μg/ml streptomycin) at 37°C under humidified 5% CO 2 for 24 to 48 h before imaging. To obtain dispersed beta cells, islets were washed in Ca 2+ -free HBSS, then incubated at 37°C with trypsin/EDTA (both 0.01%, wt/vol.) for 5 min. Trypsin-treated islets were then dispersed by gently resuspending in islet medium. Dispersed beta cells were plated on glass coverslips in multi-well plates and maintained for 24 to 48 h at 37°C and 5% CO 2 .
Insulin secretion assays Following overnight incubation in low glucose (5.6 mmol/l) CMRL-1066 medium, islets (ten per well) or dispersed cells (from ten islets per well) were pre-incubated for 30 min at 37°C in glucose-free CMRL-1066 plus 3 mmol/l glucose, then incubated for 60 min at 37°C in CMRL-1066 plus different glucose concentrations, 1 μmol/l glibenclamide and 30 mmol/l KCl as indicated. When 18-α-glycyrrhetinic acid (αGA) treatment was performed, islets were pre-incubated for 30 min with 10 or 50 μmol/l αGA, prior to incubation with 10 or 50 μmol/l αGA plus different glucose concentrations. The medium was then removed and assayed for insulin release. Islets were disrupted using ethanol-HCl extraction and sonicated on ice prior to estimation of insulin content.
Insulin secretion and content were measured in triplicates using rat insulin radioimmunoassay according to manufacturer's procedure (Linco, St Charles, MO, USA).
Widefield, confocal and two-photon microscopy To measure cellular [Ca 2+ ] i response and dynamics, isolated islets or dispersed beta cells were stained at room temperature for 1 to 3 h with 4 μmol/l FuraRed-AM and/or 4 μmol/l Fluo4-AM (Invitrogen, Carlsbad, CA, USA) in imaging medium (125 mmol/l NaCl, 5.7 mmol/l KCl, 2.5 mmol/l CaCl 2 , 1.2 mmol/l MgCl 2 , 10 mmol/l HEPES, 2 mmol/l glucose, 0.1% BSA (wt/vol.), pH 7.4). Intact islets were imaged in a polydimethylsiloxane microfluidic device [7] , facilitating stable imaging and rapid reagent change. Dispersed beta cells were imaged in labtex dishes (Nunc, Roskilde, Denmark). Islets or beta cells were imaged in a humidified chamber maintained at 37°C using a slit-scanning microscope (LSM5Live, Zeiss, Jena, Germany) with a ×20 0.8NA Fluar objective. Images were acquired for 150 or 300 s at 10 min after glucose stimulation, 15 min after application of gap-junction inhibitor or immediately after sulfonylurea or KCl application. Fluo4-or GFP-fluorescence was detected using a 488 nm diode laser for excitation and a 495 to 555 nm band-pass filter for emission. FuraRed fluorescence was detected using the same diode laser and a 650 nm long-pass filter for emission. There was no detectable cross-talk between FuraRed and Fluo4/GFP channels. Background fluorescence was measured from unstained islets.
To measure absolute [Ca 2+ ] i levels, islets were stained for 30 min with 2 μmol/l Fura2-AM and imaged at 37°C in a microfluidic device on a widefield microscope (TE-300; Nikon, Tokyo, Japan) with a 20× 0.45NA Fluar objective. Images were acquired 10 min after glucose stimulation. Islets were sequentially excited at 340 and 380 nm (±10 nm band-pass filter), and fluorescence detected with a 470 to 550 nm band-pass filter. Background fluorescence was measured from unstained islets.
To measure NAD(P)H, islets were imaged at 37°C in a microfluidic device on an LSM710 microscope (Zeiss) with a ×40 1.2NA apochromatic water-immersion objective. NAD(P)H autofluorescence was detected using a 710 nm mode-locked Ti:sapphire laser oscillator (Coherent, SantaClara, CA, USA) for two-photon excitation, and custom 380 to 500 nm band-pass filter (Chroma, Rockingham, VT, USA) and non-descanned detector for emission. GFP fluorescence was detected using a 488 nm Ar + laser line for excitation and a 505 nm long-pass filter for emission. Z-stacks of six images were acquired at 2 μm spacing. No GFP fluorescence was detected in the NAD(P)H channel. All microscope and laser settings were kept constant between measurements.
To assess changes in mitochondrial membrane potential, islets were stained for 30 min with 50 nmol/l tetramethylrhodamine ester (TMRE), then imaged at 37°C in a microfluidic device on a LSM710 microscope with a ×40 1.2NA apochromatic water-immersion objective. Images were acquired 20 min after glucose stimulation. TMRE fluorescence was detected using a 561 nm diode-pumped solid-state laser for excitation and a 580 to 680 nm bandpass filter for emission. Z-stacks of six images were acquired at 2 μm spacing.
Data analysis Image analyses were performed in Matlab (Mathworks, Natick, MA, USA) and Image Examiner (Zeiss). To calculate fold changes in Fluo4/FuraRed ratio, Fluo4 and FuraRed fluorescence intensities were averaged across each islet and background subtracted. Fluo4/ FuraRed intensity ratio was taken and averaged over the measurement time (150 s). For each islet, the mean Fluo4/FuraRed ratio was normalised to the ratio measured at 2 mmol/l glucose. For Fura2 measurements, 340 and 380 nm intensities were background-subtracted and averaged across each islet. Mean [Ca 2+ ] i levels were calibrated from background-subtracted 340:380 nm intensity ratio using a kit (Fura2 Calcium Calibration Kit; Invitrogen) NAD(P)H and TMRE fluorescence were averaged across each islet and each z-position. To calculate NAD(P)H fluorescence in GFP-positive cells, a GFP threshold intensity was calculated from the mean autofluorescence level in the GFP channel from GFP-negative control islets. This threshold value excludes >99% of GFP-negative cells as measured in control islets. For GFP-positive and GFPnegative cells, NAD(P)H fluorescence was averaged over all pixels showing a GFP intensity greater or less than the threshold GFP value respectively.
To estimate the proportion of the islet showing dynamic changes in [Ca 2+ ] i , Fluo4 or FuraRed images were smoothed with a 3×3 filter and the standard deviation of pixel intensity calculated over the acquisition time course. An active area was defined as having a pixel intensity variance >2 SD above silent pixels calculated at 2 mmol/l glucose. To calculate [Ca 2+ ] i dynamics in GFP-positive cells, [Ca 2+ ] i was determined in cells showing a GFP fluorescence greater than that measured in control islets as above.
Synchronisation of [Ca 2+ ] i dynamics was determined as described [12] and assessed in cells that showed significant dynamic changes in [Ca 2+ ] i (see above). Briefly, the Fluo4 time course in each pixel was cross-correlated with a reference Fluo4 time course averaged over the islet. The maximum cross-correlation value was then taken for each pixel. Areas of the islet showing a maximum cross-correlation >0.5 represented areas that are synchronised. This synchronised area was expressed as a percentage of the total islet area that showed significant dynamic changes in [Ca 2+ ] i .
Statistics Data are presented as mean ± SEM. Unpaired or paired Student's t test was used to assess significance between control and DTG mouse groups. When more than two groups were tested, we assessed significance within . Data averaged over n=4 mice, n=3-6 islets per mouse. f Time-averaged Fluo4/FuraRed ratio as above (e) for control islets (grey diamonds) and DTG diabetic islets (white triangles). Data averaged over n=4 mice, n=3-4 islets per mouse. All Fluo4/FuraRed ratios were normalised (norm) to the ratio measured at 2 mmol/l glucose. *p<0.05 and NS p>0.05 for each experimental condition comparing control islets and DTG protected or DTG diabetic islets (unpaired Student's t test) each condition tested using ANOVA and Duncan's post hoc test.
Results
Animal glucose and insulin levels To examine the cellular signalling events that underlie neonatal diabetes mellitus, islets were isolated from Rosa26-Kir6.2[K185Q,ΔN30]; Pdx1 PB -CreER DTG mice, under two conditions: (1) DTG animals that underwent exogenous wild-type islet transplant prior to transgene induction (DTG protected); and (2) DTG animals that were not treated with islet transplant (DTG diabetic). DTG protected animals maintain normal blood glucose levels, while DTG diabetic animals experience a rise in blood glucose to 29.9 to 33.3 mmol/l (520 to 600 mg/dl) after about 3 weeks (Electronic supplementary material [ESM] Fig. 1 ). These glucose levels, as well as islet insulin content (ESM Fig. 2 ) and insulin secretion (ESM Fig. 3 ) are consistent with previously published results [5, 6] .
Ca
2+ signalling in islets of DTG protected and DTG diabetic mice We first asked whether altered islet Ca 2+ signalling can explain the altered insulin secretion in these mice. Islets from DTG protected and DTG diabetic mice showed similar [Ca 2+ ] i levels to control islets at low (2 mmol/l) glucose, but significant reduction in [Ca 2+ ] i levels at elevated (20 mmol/l) glucose (Fig. 1a) . DTG protected and DTG diabetic islets still showed a small, but significant [Ca 2+ ] i elevation at 20 mmol/l glucose compared with 2 mmol/l glucose (Fig. 1a) . Control islets exhibited no [Ca 2+ ] i dynamics at 2 mmol/l glucose, coordinated oscillations in [Ca 2+ ] i at 10 mmol/l glucose and continually elevated [Ca 2+ ] i at 20 mmol/l glucose ( Fig. 1b-d) . In contrast, DTG protected or DTG diabetic Fig. 2 Glucose metabolism in islets from DTG protected and DTG diabetic mice. a Glucose dose-response of NAD(P)H in islets from control (grey diamonds), DTG protected (black squares) and DTG diabetic (white triangles) mice, measured from normalised (norm) NAD(P)H fluorescence (n=4 mice, n=4-6 islets per mouse). b Change in NAD(P)H from 2 to 20 mmol/l glucose in islets of control (grey bars), DTG protected (black bars) and DTG diabetic (white bars) mice (n=4 mice, n=4-6 islets per mouse). c Mitochondrial TMRE accumulation in islets at 20 mmol/l glucose, normalised to TMRE fluorescence at 2 mmol/l, as represented above (b); n=3 mice, n=4-7 islets per mouse; *p<0.05 and **p<0.01 for each experimental condition (a-c) comparing control islets and DTG protected or DTG diabetic islets (unpaired Student's t test). d Pseudo-colour image of NAD(P)H fluorescence (red), GFP fluorescence (green) and transmission (grey) in an islet from a DTG protected mouse. Separate channels and merged GFP/NAD(P)H images are shown. Scale bar, 50 μm. e Mean NAD(P)H fluorescence signal at glucose as indicated in islets from DTG protected mice. NAD(P)H fluorescence was measured in cells with high GFP fluorescence (GFP-positive; hatched bars) and low GFP fluorescence (GFP-negative; shaded bars); n=7 mice, n=4-7 islets per mouse. All data normalised (norm) to the mean NAD(P)H level in control islets at 2 mmol/l glucose (dotted grey line). f Mean NAD(P)H fluorescence signal as above (e) in islets from DTG diabetic mice; n=5 mice, n=4 islets per mouse). Mean and SEM (e, f) were calculated from absolute NAD(P)H values averaged over each mouse studied. For difference in means ± 95% CI (e, f), see ESM Fig. 4a, b , respectively. ***p<0.001 and NS p>0.05 (paired Student's t test) islets showed irregular increases in [Ca 2+ ] i at elevated 10 and 20 mmol/l glucose levels (Fig. 1b-d) . The mean glucose-dependent [Ca 2+ ] i response in DTG protected and DTG diabetic islets was severely blunted compared with control islets at all glucose levels >6 mmol/l (Fig. 1e, f) . Tolbutamide and KCl at high glucose increased mean [Ca 2+ ] i to a similar extent in DTG protected and DTG diabetic islets, with the KCl response being similar to that of control islets in both cases. Thus, altered Ca 2+ signalling is likely to underlie the altered insulin secretion in DTG protected islets (ESM Fig. 3) , with no further impact on [Ca 2+ ] i during the initial development of hyperglycaemia and hypoinsulinaemia in DTG diabetic islets.
Glucose metabolism in islets of DTG protected and DTG diabetic mice We next examined the redox state in these islets to test whether the impact of mutant K ATP channels is limited to Ca 2+ signalling or whether these mutant channels also impact more proximal events in GSIS. Control and DTG protected islets showed similar NAD(P)H response to glucose, as assessed by two-photon microscopy [13] , although NAD(P)H was more elevated in DTG protected islets at 6 to 10 mmol/l glucose (Fig. 2a) .
In contrast, significantly elevated NAD(P)H levels were seen in DTG diabetic islets at 2 to 10 mmol/l glucose. DTG diabetic islets exhibited a higher level of NAD(P)H at 2 mmol/l glucose, and a lower NAD(P)H increase between 2 and 20 mmol/l glucose (Fig. 2b) . Total cellular NAD(P)H/NAD(P) is dominated by mitochondrial NADH signal [14] , so these differences in NAD(P)H are likely to reflect altered mitochondrial function. Consistent with this, DTG protected and control islets showed significant accumulation of the mitochondrial membrane potential dye TMRE at elevated glucose levels, indicating mitochondrial membrane depolarisation. However there was no significant glucosedependent TMRE accumulation in DTG diabetic islets (Fig. 2c) .
A significant fraction of cells in DTG islets (55±3% of cells, averaged over five mice, two to six islets per mouse) showed GFP fluorescence intensity above that of the autofluorescence measured in control islets (Fig. 2d) . Wide variation in GFP levels between cells implies a wide variation in Rosa26-Kir6.2[K185Q,ΔN30] transgene expression between individual beta cells in the islet. We therefore measured NAD(P)H levels in individual cells in DTG islets and grouped them into cells with high or low levels of GFP. There were no significant differences between NAD(P)H levels in GFP-positive and GFPnegative cells at any glucose concentrations in DTG protected islets (Fig. 2e) , although a significant elevation in NAD(P)H was seen in DTG diabetic islet cells with high levels of GFP (Fig. 2f, ESM Fig. 4 ). This indicates that secondary consequences of diabetes have a significant effect on cellular metabolism, particularly affecting the redox state and mitochondrial membrane potential. This appears to be more prominent in cells expressing the transgene at higher levels. 2+ ] i and glucose metabolism in DTG protected mice In DTG protected islets, small but significant elevations in NAD(P)H at 6 to 10 mmol/l glucose (Fig. 2a) [17] . As expected, NAD(P)H was elevated in control islets (Fig. 3a) and DTG protected islets (Fig. 3b) following elevated glucose. Removal of diazoxide led to a recovery of elevated oscillatory [Ca 2+ ] i (Fig. 3a) and a small but significant reduction of NAD(P)H in control islets (Fig. 3c) , but no change to either signal in DTG protected islets (Fig. 3c) . The observed increase in NAD(P)H in DTG (Fig. 4a) and were detected in cells with high and low levels of GFP. In DTG protected islets at 20 mmol/l glucose only 14±5% of the cells showed such bursting activity, compared with >90% of cells in control islets (Fig. 4b) . No significant difference in the proportion of active cells was measured when comparing cells with high or low GFP (Fig. 4c) (Fig. 4d) . Synchronisation in DTG protected and DTG diabetic islets was reduced to a similar degree compared with control islets, such that only about 50% of [Ca 2+ ] i bursts were synchronised (Fig. 4e) .
Coupling of [Ca
The synchronised [Ca 2+ ] i bursts in DTG protected islets suggests the presence of coupled electrical activity, despite the expression of overactive K ATP channels. Previous studies have indicated that gap-junction coupling can suppress [Ca 2+ ] i elevations [7] . To test the role of gapjunction coupling in regulating the [Ca 2+ ] i response in islets with overactive K ATP channels, we measured [Ca 2+ ] i in DTG protected islets at 20 mmol/l glucose following partial inhibition of gap-junctions by αGA [7] . All DTG protected islets showed an increase in the number of active cells at elevated glucose after partial gap-junction inhibition (Fig. 5a ). No significant difference in the proportion of cells with synchronous [Ca 2+ ] i bursts was measured (not shown). KCl treatment further elevated [Ca 2+ ] i in most cells of the islet (94±2%). Application of αGA at high glucose also led to elevated insulin secretion in DTG protected, but not in control islets (Fig. 5b) .
Complete loss of cell-cell coupling can be achieved by dispersing islets into single cells (ESM Fig. 5) . At low glucose, DTG protected cells showed no difference in [Ca 2+ ] i compared with control cells. At high glucose, 50±2% of the DTG protected cells exhibited bursting (Fig. 5c) , which was significantly higher than in intact DTG protected islets (14±5%) (Fig. 4b) , but lower than in control cells (>90%). The [Ca 2+ ] i bursts at elevated glucose were restricted to GFP-negative cells (Fig. 5d) , with GFPpositive beta cells remaining silent. Dispersed cells from DTG protected islets also showed a significant increase in insulin secretion at high glucose; although the fold change of insulin secretion from 1 to 23 mmol/l glucose (2.11± 0.37) was not significantly different from that measured in intact DTG protected islets (1.77±0.48) (ESM Fig. 1 ) and was smaller than in control cells (Fig. 5e) . 
Discussion
In this study we sought to uncover the cellular mechanisms by which 'gain-of-function' K ATP channel mutations underlie neonatal diabetes mellitus. We hypothesised that the overactivity of these K ATP channels causes a loss of Ca 2+ signalling, leading directly to defective GSIS. Additionally, we asked whether this loss of Ca 2+ signalling has an additional impact on beta cell function. Previous studies have shown that K ATP overactivity causes loss of GSIS [5, 6] with resultant hyperglycaemia and/or hypoinsulinaemia, leading to further loss of beta cell mass and insulin content [5] . The use of inducible Rosa26-Kir6.2 [K185Q,ΔN30] mice along with islet transplantation to maintain normoglycaemia allowed us to separate the primary effects of K ATP overactivity on beta cell function and provided a rigorous test of how the secondary consequences of neonatal diabetes mellitus impact on islet function and insulin secretion. We therefore further asked how beta cell function is subsequently altered in this model of neonatal diabetes mellitus as a consequence of systemic hyperglycaemia and hypoinsulinaemia.
Altered Ca
2+ signalling underlies altered insulin secretion in neonatal diabetes mellitus islets The primary effect of the Kir6.2 gain-of-function mutation was to dramatically suppress glucose-dependent [Ca 2+ ] i ( Fig. 1 ) and thus reduce glucose-dependent insulin secretion. In addition to direct triggering of insulin secretion, elevated [Ca 2+ ] i leads to Ca 2+ uptake into the mitochondria, which can stimulate oxidative phosphorylation and ATP synthesis via activation of several dehydrogenases [15, 16] . In DTG protected islets, we measured a small increase in NAD(P)H at intermediate glucose levels between 6 and 10 mmol/l (Fig. 2) , which was in part dependent on the absence of glucose-stimulated [Ca 2+ ] i elevation (Fig. 3) . These results are consistent with previous studies suggesting that a Ca 2+ -dependent activation of the respiratory chain [18] occurs in normal islets at glucose levels of around 10 mmol/l [19] , which counteracts Ca 2+ -dependent elevation of NAD(P)H as a result of elevated oxidative phosphorylation. Therefore the elevated NAD(P)H levels we measured in DTG protected islets could have resulted from a lack of Ca 2+ -dependent NADH oxidation by the respiratory chain. According to previous observations [19] , this would further predict a decrease in ATP synthesis. In this way, K ATP overactivity and consequent lack of Ca 2+ signalling would play a direct role in glucose metabolism and ATP synthesis. This may also alter other mitochondrial signalling mechanisms and affect insulin secretion, since mitochondrial GTP synthesis is an important component of GSIS [20] . However, as discussed below, other changes in glucose metabolism and mitochondrial function were found after systemic diabetes, so these processes may also have been important contributors to secondary changes in islet function.
In DTG protected islets sulfonylureas triggered limited [Ca 2+ ] i and insulin secretory responses at levels lower than those seen in control islets. This is consistent with the reductive effect of Kir6.2 gain-of-function mutations on sulfonylurea sensitivity of K ATP channel activity [21, 22] . Given the low level of sulfonylurea-stimulated [Ca 2+ ] i , sulfonylurea-stimulated insulin secretion was greater than expected, which may be attributable to the different drugs applied, but also may have originated from sulfonylureaactivated protein kinase C (PKC) or exchange protein directly activated by cAMP 2 (EPAC2) [23, 24] . Since the levels of KCl-stimulated [Ca 2+ ] i and insulin secretion in DTG protected islets were similar to those in control islets, a broader effect on Ca 2+ influx or exocytotic capacity resulting from expression of overactive K ATP channels does not seem to exist. ] i was essentially the same in both (Fig. 1) . However, there was a clear difference in their metabolic (Fig. 2 ) and insulin secretory (ESM Fig. 1 ) responses. The chronic hyperglycaemia in DTG diabetic mice could alter beta cell glucose sensing [25] or glucose metabolism [26] . Elevated NAD(P)H at low glucose indicates an elevated redox state in islets from diabetic animals. The absence of glucose-dependent NAD(P)H and TMRE accumulation further indicates a lack of elevated glucose metabolism and mitochondrial membrane depolarisation at elevated glucose. Thus, the defective mitochondrial function we measured in DTG diabetic islets could have been due to absence of electron transport and a marked decrease in NADH oxidation, which would suggest decreased ATP synthesis. Total nicotinamide adenine dinucleotide levels (NAD + +NADP + +NADH+NADPH) are typically constant [27, 28] , although this has not been verified in islets chronically exposed to diabetic conditions. Therefore we cannot rule out the possibility that total nicotinamide adenine dinucleotide levels became elevated in our DTG diabetic islets. Absence of any elevation in [Ca 2+ ] i at 2 mmol/l glucose (from ATP-dependent K ATP channel inhibition) strongly argues against the possibility that NAD + reduction is constitutively high from citric acid cycle metabolism and ATP synthesis. Interestingly, similar mitochondrial defects have also been observed in the absence of beta cell insulin signalling [29] , suggesting that the hypoinsulinaemia in DTG diabetic mice may also have contributed to islet dysfunction.
Cell-cell coupling in protected and diabetic K ATP gain-offunction islets The varied expression levels of the Rosa26-Kir6.2[K185Q,ΔN30] transgene between cells (Fig. 2) suggests that the intrinsic excitability among beta cells of DTG islets is also varied. However, we observed substantial synchronisation of [Ca 2+ ] i dynamics in DTG protected and DTG diabetic islets (Fig. 4) , regardless of the levels of transgene expression. This indicates that a coordination of K ATP overactivity occurs throughout the islets, independently of individual cellular Rosa26-Kir6.2[K185Q,ΔN30] transgene expression. Therefore, despite incomplete penetrance of the mutant transgene, normal levels of electrical coupling and coordination within the islet can ensure that the effect of the transgene is felt throughout, accurately reflecting the expected condition in neonatal diabetes mellitus.
Previous studies have shown that normal beta cells can suppress excitability of neighbouring hyperexcitable beta cells via gap-junction channels [7, 30] . Our observations extend this finding by showing that underexcitable cells with high levels of Kir6.2 gain-of-function transgene expression can suppress excitability of cells with low transgene expression. This suppression occurs via gapjunction channels: a reduction in gap-junction coupling by chemical inhibition or dispersion into isolated cells leads to elevation in the number of cells exhibiting [Ca 2+ ] i bursting and elevated glucose-dependent insulin secretion from DTG protected islets, but not from control islets (Fig. 5) . Gap-junctional coupling allows suppression of normally excitable cells by inexcitable cells and therefore can have a significant effect on the insulin secretion response.
Finally, we noted a significant synchronisation of Ca 2+ activity between cells in DTG diabetic islets, in contrast to previous reports in a similar mouse model of K ATP -induced neonatal diabetes mellitus [6] . The difference might be explained by longer exposure of the islets to systemic hyperglycaemia in the earlier study (>5 weeks compared with ∼3 weeks in our study). This extended pathological exposure would lead to more advanced secondary complications including loss of beta cell mass [5] , and could be accompanied by a downregulation of gap-junctions [31] and reduced coupling of [Ca 2+ ] i .
Conclusion
We found that ATP-insensitive K ATP channels inhibited glucose-stimulated [Ca 2+ ] i , underlying defective insulin secretion. Loss of elevated [Ca 2+ ] i further affected glucose metabolism and mitochondrial function, but had no effect on distal steps involving voltage-dependent Ca 2+ influx and exocytotic capability. As a result of prolonged systemic hyperglycaemia in DTG diabetic animals, islet glucose metabolism and mitochondrial function were severely disrupted and insulin content was lost, but Ca 2+ signalling was not further affected. Electrical coupling overcomes cell-cell variability of transgene expression and coordinates K ATP overactivity across the islet. This coordination allows this murine model to accurately reproduce the effects of neonatal diabetes mellitus despite variable expression of the transgene.
